Urea-induced unfolding of lipoxygenase-1 (LOX1) at pH 7.0 was followed by enzyme activity, spectroscopic measurements, and limited proteolysis experiments. Complete unfolding of LOX1 in 9 M urea in the presence of thiol reducing or thiol modifying reagents was ob- 
Lipoxygenases are a family of non-heme iron dioxygenases that catalyze the rate-determining step in the production of leukotrienes and lipoxins from membrane-derived arachidonic acid (1) . These metabolites are the important group of signaling molecules that mediate a number of biological processes (2) . Atherosclerosis, inflammatory bowel disease, psoriasis, asthma, and other immune system disorders are all influenced by the activities and products of the lipoxygenase enzymes (3, 4) . Both plant and animal lipoxygenases are monomeric polypeptides with closely related primary structures (5, 6) . Lipoxygenases in soybean exist in the form of three isozymes: LOX1, 1 LOX2, and LOX3 (5) . Recently, the structures of LOX1 and LOX3 have been solved (7) (8) (9) . The overall fold of LOX1 has two domains with 839 amino acid residues. The first 146 Nterminal amino acid residues form an eight-stranded ␤-barrel and remaining 693 amino acid residues form a C-terminal domain that consists of 23 helices and 8 ␤ structures. Very recently, the x-ray structure of mammalian 15-lipoxygenase revealed a previously unrecognized N-terminal ␤ domain and a larger C-terminal domain, which was shown to be predominantly ␣-helical (10) . The x-ray structure of LOX1 has indicated that the interior of N-terminal barrel is densely packed with hydrophobic chains and the gross structure of the Ndomain is superficially similar to a number of proteins/domains that bind hydrophobic molecules (11) . It has been suggested that the N-terminal domain is totally separate from the rest of the molecule and makes only a loose contact with the C-terminal domain (12) . Since all the amino acid residues responsible for LOX1 catalysis are located in the C-terminal domain, the role of N-terminal domain in LOX1 molecule is still a matter of investigation.
It has been reported previously that the generation of truncated LOX1, wherein residues 2-140 is replaced by five residues, yielded an inactive enzyme (13) , which suggested the importance of N-terminal domain for catalysis. Our recent studies have demonstrated that chymotryptically derived nicked LOX1 can be separated into proteolytic domains at pH 4.0 (14) . The limited proteolysis experiments have shown that the cleavage does not occur in the linking region between the two domains as is common for multidomain proteins, even though there are as many as 12 potential trypsin sites in the span. The isolated fragments do not have any catalytic activity, and the reconstitution of active enzyme from the resolved fragments has not been achieved. Furthermore, the solution conformational analysis of LOX1 suggested that the domains in LOX1 were held by extensive hydrophobic interdomain interactions. LOX1 is a very large molecule, which does not have any disulfide bridge. Whether in this context, the domains are intrinsically stable, or domain interactions contribute to the overall stability, is still unknown. The importance in the expression of their functions or folding of the molecule is yet to be defined.
Previously, we had reported the unfolding of LOX1 by urea and guanidine hydrochloride was a multistep process, which indicated the multidomain nature of LOX1 (15) . The kinetics of unfolding had shown the presence of stable intermediates dur-ing the unfolding process (15, 16) . Since measurements were made at pH 9.0, the pH optima of LOX1, the unfolding was irreversible due to aggregation and strong tendency of free thiol groups for oxidative reaction. The present study was focussed on the involvement of free thiol groups and interdomain interaction in the reversible unfolding of LOX1. The results of the present study demonstrate that the modification of cysteine residue is essential for rapid refolding of LOX1, and none of the four free cysteine residues in LOX1 is essential for activity. From the limited proteolysis experiments and equilibrium unfolding measurements, we suggest a folding model for LOX1 molecule.
MATERIALS AND METHODS
LOX1 from soybean was purified by the method of Axelrod et al. (17) , with some modifications as reported previously (14) . The purified enzyme had a specific activity of 200 -220 units/mg protein. Linoleic acid was purchased from Nuchek Prep. Inc.; 1-anilino-8-napthalene sulfonate (ANS) was from Aldrich; fluorescein mercuric acetate, 5,5Ј-dithiobis-(2-nitrobenzoic acid), urea (Sigma Ultra), iodoacetamide (IAM), and L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin were from Sigma; 2-(4Ј-maleimidylanilino)-naphthalene-6-sulfonic acid, sodium salt (MIANS) was obtained from Molecular Probes Inc. All other buffer salts were of analytical grade.
LOX1 Assay and the Effect of Urea on LOX1 Activity
LOX1 activity was measured according to the method of Axelrod et al. (17) by following the increase in absorbance at 234 nm due to the formation of conjugated diene fatty acid hydroperoxide. One unit of enzyme activity was defined as the amount of enzyme required to form 1 mol of product/min at 25°C under the assay conditions. The protein concentration was determined using a value of A 280 nm 0.1% ϭ 1.4 and a molecular mass of 94,262 (12) . LOX1 was unfolded at various concentrations of urea at 25°C for 12 h. The residual activity was measured by adding an aliquot of denatured enzyme into the assay solution, which contained 0.2 M sodium borate buffer, pH 9.0, and 100 M sodium linoleate. The product formation was measured at 234 nm.
Urea-gradient Electrophoresis
Urea-induced unfolding of LOX1 was also monitored by urea-gradient gel electrophoresis, essentially as described previously (18) . Briefly, slab gels were prepared containing a transverse gradient of 0 -10 M urea with an inverse gradient of 5-9% acrylamide in order to compensate for the electrophoretic effect of urea. Unfolding of LOX1 was monitored using 50 mM Tris-acetate, pH 8.0. Protein sample prepared in the same buffer and containing 100 mM ␤-mercaptoethanol was electrophoresed at 25°C for 3 h at 9 mA constant current. Pre-electrophoresis was performed for 1 h. Protein was visualized by staining the gel with Coomassie Brilliant Blue R250.
Reversible Unfolding of LOX1 by Gel Electrophoresis
In order to check the reversibility of unfolding of LOX1, the enzyme was unfolded in 0.1 M Tris-HCl, pH 7.0, containing various concentrations of urea and 50 mM ␤-mercaptoethanol or 0.1 mM IAM. Stock solution of 10 M urea in 0.1 M Tris-HCl, pH 7.0, was used to prepare various concentrations with the buffer containing 10% glycerol and 100 mM ␤-mercaptoethanol, 0.1 mM IAM. The protein sample was allowed to unfold for 2 h. Pre-electrophoresis was done for 1 h. Samples were then loaded on non-denaturing Laemmli polyacrylamide gels, which contained 12% acrylamide in the stacking gel. Gels were also prepared containing detergents like Brij 35 or Triton X-100 and were stained separately for activity with Coomassie Brilliant Blue. The activity staining was done as reported previously (19) .
Experiments with Sulfhydryl Groups
The thiol groups exposed during the course of unfolding of LOX1 by urea were quantified by measuring their reactivities with DTNB as a function of the urea concentration. The assays were performed in 0.1 M Tris-HCl, pH 7.4. Thiol concentrations were estimated in a buffer solution containing the appropriate concentration of urea and 1 mM DTNB using an ⑀ 412 of 12,500 M Ϫ1 cm Ϫ1 (20) . The number of thiols of LOX1 reacted with IAM were also estimated by initially incubating the LOX1 (1 mg/ml) with IAM (0.1 mM) for 2 h. The excess reagents and urea were removed by passing the mixture through Sephadex G-25 column. The remaining free thiols were estimated in the presence of 2% SDS. The thiol groups of LOX1 exposed during the denaturation were identified by modifying with FMA. To the solution containing 0.1 M Tris-HCl, pH 7.4, 0.1 mM FMA and various urea concentrations, LOX1 (1 mg/ml) was added and incubated for 2 h at 25°C. The excess reagents were removed by passing the mixture into Sephadex G-25 column, equilibrated and eluted with 0.1 M Tris-HCl, pH 8.0. The labeled LOX1 was subjected to limited proteolysis with trypsin. The cleavage conditions were followed as reported previously (21) . The proteolytic domains were separated by standard SDS-acrylamide (12%) gel elecrophoresis (22) . The samples treated with 2% SDS and 10% glycerol without ␤-mercaptoethanol were heated for 90 s before loading on the gel. The gels were photographed with UV illumination to observe the fluorescence.
The environment around the cysteine residues of LOX1 was probed by modifying the thiols with MIANS. Samples containing 0.1 M TrisHCl, pH 7.4, with various concentrations of urea and 0.1 mM MIANS were incubated with LOX1 (0.5 mg/ml) for 1 h, and the excess reagent and urea were removed by passing the sample into Sephadex G-25 column. The fluorescence spectra of the labeled LOX1 were recorded by exciting the sample both at 283 nm for aromatic amino acid residues and 328 nm for ANS.
CD Spectra Measurements
Far-and near-UV CD spectra were recorded as described previously (15) . The light path length of the cell used was 1 mm in the far-UV region and 10 mm in the near-UV region. The protein concentrations were 0.2-1.0 mg/ml. The samples were prepared in varying concentrations of urea in 0.1 M Tris-HCl, pH 7.0, containing 0.1 mM IAM. All the samples were incubated for 12 h at 25°C before the measurements were made. The mean residue ellipticity, [] MRW , was calculated using a value of 112 for mean residue weight for LOX1.
Unfolding Measurements by Fluorescence Spectroscopy
The emission spectra of intrinsic protein fluorescence were recorded on a Shimadzu RF-5000 automatic recording spectrofluorimeter. The temperature of the cell was maintained at 25°C by circulating the water through the thermojacketed holder from a circulating water bath. The excitation wavelength was set at 283 nm, and emission spectra were recorded between 300 and 400 nm. All unfolding measurements were made with the same concentration of LOX1 (30 g/ml). The unfolding measurements were made in two different buffer solutions, i.e. 0.1 M Tris-HCl, pH 7.0, containing 0.1 mM IAM; and 0.1 M Tris-HCl, pH 7.0, containing 50 mM ␤-mercaptoethanol. The stock solutions of protein and urea were prepared using the respective buffer solutions. The samples were incubated at 25°C for 12 h before the measurements were made. During the course of incubation, there was no carbamylation of protein as confirmed by nonequilibrium pH gradient electrophoretic measurements. The pI of the native LOX1 and urea-treated LOX1 were same. The equilibrium unfolding data for LOX1 was obtained in 0.1 M Tris-HCl, pH 7.0, containing 0.1 mM IAM. Two stock solutions of native LOX1 in buffer and unfolded LOX1 in buffered 10 M urea solutions were prepared at the same protein concentration (30 g/ml). Appropriate ratios of the native and unfolded stocks were mixed to prepare samples at intermediate urea concentrations. All samples were then incubated for 24 h at 25°C before the measurements. To test for reversibility, a solution of protein in the post-transition region of the denaturation curve was diluted with protein and buffer in the pre-transition region, and fluorescence intensity was then measured directly. Enzyme activity was also used as a measure of reversibility; for this, an aliquot in the transition regions was passed into Sephadex G 25 column, equilibrated, and eluted with 0.1 M Tris-HCl, pH 7.4. LOX1 activity was measured using the standard assay method (17) .
ANS Binding Assay
Samples from urea denaturation series were assayed for hydrophobic surface exposure by incubation with 50-fold molar excess of ANS for 6 h at 25°C in the dark, followed by measuring fluorescence emission spectra at an excitation wavelength of 375 nm. Appropriate blank spectra of ANS in the corresponding urea concentrations were subtracted to obtain the fluorescence enhancement caused by dye adsorption to the protein.
Limited Proteolysis of LOX1 by Trypsin
During Unfolding-Samples of LOX1 (0.25 mg/ml) unfolded at different urea concentrations in 0.1 M Tris-HCl, pH 7.5, with 0.1 mM IAM and incubated at 25°C for 2 h were proteolyzed with 2% trypsin (w/w).
During Refolding-LOX1 (5 mg/ml) unfolded in various urea concentrations with the same buffer was diluted into a buffer solution con-taining 2% (w/w) trypsin. Proteolysis reaction was allowed for 30 min and stopped by the addition of 0.1 mM phenylmethylsulfonyl fluoride followed by SDS-sample buffer. SDS-PAGE was run in a 1.5-mm-thick gel format using 12% resolving gel. Gels were stained with Coomassie Brilliant Blue dye.
RESULTS

Unfolding/Refolding of LOX1
In the present study, the unfolding measurements were made at pH 7.0 in buffer solutions. In order to check for the complete unfolding of LOX1 by urea, the denaturation by ureagradient elecrophoresis was followed. It was found that the complete unfolding of LOX1 occurred only after 8 M urea (Fig.  1) . Therefore, we used 10 M urea containing 100 mM ␤-mercaptoethanol to ensure complete unfolding of LOX1 for refolding experiments. The renaturation experiments by dilution method or dialysis showed little or no reactivation of LOX1 denatured in 10 M urea when refolding was attempted, even at a protein concentration of 1 g/ml. Attempts were made to refold the protein unfolded at different concentrations of urea with ␤-mercaptoethanol by polyacrylamide gel electrophoresis. The unfolded LOX1 was subjected to PAGE at a protein concentration of 0.3 mg/ml. Activity staining was used to check the presence of renatured LOX1 ( Fig. 2A) . LOX1 was refolded at all concentrations of urea with a transition at 6 M. The refolding process was slow, as it took more than 12 h for complete detection of activity on gels. Similarly, these experiments were made by blocking the available cysteine residues during unfolding with IAM. The refolding of thiol-blocked LOX1 was similarly subjected to polyacrylamide gel electrophoresis. The activity bands in these gels (Fig. 2B ) appeared immediately (ϳ15 min) after transferring the gel into the activity stain solution, suggesting that the refolding of thiol-blocked and unfolded LOX1 was faster than the one unfolded in the presence of reducing agents (compared on time scale basis: 15 min versus 12 h).
The attempts to refold the protein using protein refolding assisting agents like lauryl maltoside, Triton X-100, Brij 35, and phosphatidylcholine micelles were not successful. The refolding experiments were made in the presence of non-ionic detergents like Triton X-100 using polyacrylamide gel electrophoresis (Fig. 3 ). LOX1 that had been exposed to different concentrations of urea were refolded to 4 M urea, beyond which aggregates were seen on the gels. These results suggested the binding of Triton X-100 with the refolding intermediates, which could be due to the exposure of hydrophobic groups on the intermediates. Refolding of completely denatured LOX1 in the polyacrylamide gels could possibly be due to the prevention of aggregation during refolding. When the denatured molecules were subjected to electrophoretic mobility in the pores of polyacrylamide gel, the intermolecular interactions were minimized, thus leading to the protein refolding. At higher concentration of urea, the aggregation could be minimized by small volumes and less protein concentration (results are not shown). This refolding phenomenon on polyacrylamide gels could also be extrapolated on gel permeation chromatography. A small quantity of LOX1 (10 g in 0.5 ml) unfolded in 10 M urea in the buffer solution (0.1 M Tris-HCl, pH 7.0, 0.1 mM IAM) was loaded on Sephadex G 25 column (1 cm ϫ 30 cm), which was previously equilibrated with the same buffer without IAM and was eluted with the same buffer. The extent of renaturation was measured by LOX1 activity in eluted protein fractions. We could recover about 20% of control initially loaded on the column. These results suggest the reversible unfolding of LOX1.
Role of Cysteine Residues
LOX1 contains 4 cysteines: Cys-127, located in the N-terminal domain; and Cys-357, Cys-492, and Cys-679, associated with the C-terminal domain (7) . None of them was accessible to DTNB under native conditions. Therefore, accessibility of thiols to DTNB in the presence of urea should reflect urea-induced structural changes in LOX1. The accessibility of thiols of LOX to DTNB as a function of the urea concentration is shown in Fig. 4 . The unfolding curve showed a biphasic transition, the first transition ending at 3 M urea and the second transition starting at 6 M urea to be complete at 9.0 M urea. The initial exposure of two thiols was complete at 6.0 M urea, and the remaining two were exposed at 9.0 M urea. In the present work, attempts were made to identify the first two thiols exposed LOX1 (300 g/ml) unfolded at various urea concentrations containing 0.1 mM IAM or 100 mM ␤-mercaptoethanol was elecrophoresed on the native polyacrylamide gel. Each well was loaded with 10 g of sample.
Bromphenol blue was used as tracking dye. LOX1 unfolded in the presence of 100 mM ␤-mercaptoethanol and stained for activity (A). LOX1 unfolded in the presence of 0.1 mM IAM and stained for activity (B). The number in each lane denotes the corresponding molar urea concentration.
FIG. 3.
Binding of Triton X-100 with the folding intermediates of LOX1. LOX1 (300 g/ml) unfolded at different urea concentrations in 0.1 M Tris-HCl, pH 7.0, containing 100 mM ␤-mercaptoethanol was incubated for 2 h at 25°C. Non-denaturing Laemmli polyacrylamide gels prepared with 20 mM Triton X-100 in both resolving and stacking gels, and it was pre-electrophoresed for 1 h. LOX1 (10 g) samples was layered on the gel, and the electrophoresis was performed at 25°C. Protein was visualized by Coomassie Brilliant Blue staining. The number in each lane denotes the corresponding molar urea concentrations.
during the unfolding process. Previously it has been shown that LOX1 could be cleaved by trypsin into 30-kDa N-terminal and 60-kDa C-terminal proteolytic domains (21) . Thus, to identify the first cysteine residue, which contributed for the reaction with DTNB, LOX1 was labeled with FMA in the presence of various urea concentrations and was subjected to limited proteolysis with trypsin; the fragments separated on SDS-PAGE were visualized under UV illumination (Fig. 5) . Initially, at 1 M urea, the label was found mainly in the N-terminal 30-kDa fragment. At higher urea concentrations, the fluorescence label appeared in 60-kDa C-terminal fragment, and at 6 M urea both the domains were equally labeled. These observations indicated that the first cysteine exposed during the early stage of unfolding of LOX1 was mainly Cys-127 of N-terminal domain.
Further, the environment around cysteine residues was probed using MIANS. This reagent reacts covalently with cysteine residues and exhibits fluorescence only when they are placed in the hydrophobic environment. Therefore, LOX1 was labeled with MIANS in the presence of different concentrations of urea. The unreacted MIANS was removed by passing through Sephadex G-25 column. However, beyond 6 M urea, the labeling was not possible due to aggregation at high protein concentration (1 mg/ml) after passing through the column. The emission spectra of labeled LOX1 at different concentrations of urea are shown in Fig. 6A . Initially, the fluorescence emission was checked after exciting at 328 nm for ANS fluorescence. The relative fluorescence intensity at 425 nm increased with increasing concentrations of urea, which suggested the hydrophobicity of cysteine residues. Further, to check the proximity of these cysteine residues to aromatic amino acid side chains of LOX1, the samples were also excited at 283 nm. There were two fluorescence emission maxima: one at 333 nm and other at 425 nm (Fig. 6B) . The emission intensity at 425 nm was due to bound ANS, which increased with increase in urea concentrations. Thus, there was an efficient energy transfer from aromatic amino acid side chains to ANS. In case of LOX1, labeled at 6 M urea energy transfer was maximum. The decreased area of the first peak was equally compensated in the second peak, suggesting maximum energy transfer efficiency (ϳ90%). These observations indicate that cysteine residues exposed at 6 M was in close proximity to aromatic side chains in the C-terminal domain of LOX1. The low efficiency of energy transfer observed at low urea concentrations of urea (2 and 4 M) suggested that the environment around initially exposed cysteine residues is hydrophilic in nature. Thus, the N-terminal cysteine residue, Cys-127, is in a less hydrophobic environment compared with C-terminal cysteine residues.
To assess the state of cysteine residues during the course of unfolding in the absence of reducing agents or thiol blocking agents, LOX1 was unfolded at 3, 6, and 9 M urea at 25°C for 2 h and the thiol content of the unfolded species was assayed using DTNB. In case of native LOX1, none of the cysteine residues was accessible for DTNB; therefore, the assays were made in 2% SDS. The native LOX1 3.8 Ϯ 0.3 thiols were accessible to DTNB after unfolding in 2% SDS. In case of LOX1 unfolded in 3, 6, and 9 M urea concentrations, the number of cysteine residues assayed in the presence of 2% SDS were 3.3 Ϯ 0.3, 2.7 Ϯ 0.2, and 1.9 Ϯ 0.2, respectively. These results suggest that the thiol groups in LOX1 become oxidized during the course of unfolding. The decrease in cysteine content could be due to the formation of disulfide bridge or could be due to the oxidation to sulfite. This was checked by electrophoretic mobility of the modified residues on non-reducing SDS-PAGE (results not shown). The absence of higher aggregates clearly pointed to the absence of disulfide linkage and the likely formation of sulfite.
Unfolding Monitored by Circular Dichroism
The effects of increasing urea concentrations on the tertiary and secondary structures of LOX1 were studied by measuring CD spectra in the near-and far-UV regions, respectively. The characteristic pattern of positive bands in the near-UV region, caused by the asymmetric environment of Trp, Tyr, and Phe residues in the native structure, disappeared with increase in FIG. 4 . Reactivity of thiols of LOX1 with DTNB in the presence of urea. To the assay mixture of 0.9 ml containing 0.1 M Tris-HCl, pH 7.4, 1 mM DTNB, and various concentrations of urea, LOX1 (1 mg, 0.1 ml in 0.1 M Tris-HCl, pH 7.0) was added, and the increase in absorbance at 412 nm was recorded. The number of thiols exposed at various urea concentrations was estimated using the value of 12,500 M Ϫ1 cm Ϫ1 .
FIG. 5. SDS-PAGE of proteolytic domains of LOX1 labeled with FMA.
LOX1 labeled with FMA in the presence of various concentrations of urea were prepared as described under "Materials and Methods." The samples were subjected to limited proteolysis with trypsin (100:2 w/w) ratio in 0.1 M Tris-HCl, pH 7.4; after 30 min, the reaction was stopped by 0.1 mM PMSF and the solution was diluted to two volumes using SDS-sample buffer containing 0.1 mM IAM and heated for 90 s. 30 g of protein was layered on the gel and run on the Laemmli gel system. The gels were photographed with UV illumination. The number in each lane indicates the molar urea concentration. urea concentration (Fig. 7A) , indicating the disruption of native tertiary structure. However, at a urea concentration of approximately 2 M, the tyrosine band at 280 nm increased. There were no significant changes in the near-UV CD bands up to 4 M urea, while there was significant reduction in near-UV CD bands at 6 M urea concentration. In the far-UV region, the CD amplitude at 222 nm was used to follow the urea-induced conformational change (Fig. 7B ). Here also, there was an increase in the rotation at 2 M urea. The ellipticity values at 222 nm started decreasing beyond 4 M urea and loss in secondary structure was complete at 9 M urea concentration (Fig. 8) . A broad monophasic transition was observed from 4 M to 9 M urea with a midpoint urea concentration (C m ) of 7 M.
Unfolding Monitored by Enzyme Activity Measurements
The loss of LOX1 activity measured as a function of urea concentration in presence of 10 mM ␤-mercaptoethanol is shown in Fig. 8 . The activity loss started at around 2 M urea and was complete at 6 M urea with midpoint concentration (C m ) at 4.5 M urea. Blocking of the exposed cysteine residues during the course of unfolding by IAM did not affect the unfolding transition.
Unfolding Monitored by Fluorescence Measurements
LOX1 contains 14 tryptophan residues, 2 of them located in the N-terminal and the remaining are mainly located near the active site; the 37 tyrosine residues are located all along the chain (23) . Denaturation of LOX1 in urea led to a marked red shift in the fluorescence emission maximum. Native LOX1 had a fluorescence maximum at 333 nm, which red shifted to 350 nm upon treatment with 9 M urea. This result was consistent with the exposure of aromatic chromophore to denaturant, and the unfolding transition was due to global structural changes that affected multiple indole side chains of the protein simultaneously. However, the emission intensity difference between the folded and native forms was relatively small (data not shown). Thus, the changes in emission maxima could be used to follow the denaturation. The unfolding transitions observed above 6 M urea followed either by fluorescence or CD was superimposable with C m of 7 M. The apparent coincidences of the transition curves have indicated that the conformational changes that expose aromatic chromophores to solvent also disrupt the secondary structure in LOX1. The unfolding transition curve measured in the presence of ␤-mercaptoethanol at pH 7.0 was biphasic in nature, compared with the monophasic transition curve obtained in presence of IAM (Fig. 8) . Modification of early exposed cysteine residues at low urea concentrations (Ͻ4 M) by IAM diminished the first transition, which in turn, indicated the existence of stable intermediate between 4 -5 urea concentration, which was destabilized due to the blocking of the cysteine residues.
Equilibrium Unfolding Measurements
The reversibility of the unfolding measurements was followed by changes in the fluorescence emission maxima. The reversible unfolding measurements were made in the presence of IAM. Equilibrium measurements were made by dilution of protein from 10 M urea to the intermediate urea concentrations. The overlap of the unfolding and refolding transition curves was better than 98% (Fig. 9A) . Thus, by fluorescence measurements, the unfolding equilibrium was completely reversible. The reversibility was also ascertained by nearly quantitative recovery of LOX1 activity of samples in the pre-and posttransition regions after passing through Sephadex G-25 columns. The unfolding transitions curve was analyzed by established procedures. The apparent fractional change was obtained by Equation 1 .
y was the observed value of the fluorescence, and y n and y u were the values of fluorescence emission maxima for native and unfolded states, respectively. Values of y n and y u were obtained by linear extrapolation of the native and unfolded base lines into the transition region (22) . In order to obtain quantitative thermodynamic parameters for the unfolding process, the data were fit to two-state and three-state models (25, 26) as described by Equations 2 and 3, respectively. FIG. 8 . Urea-induced unfolding transition curves of LOX1. The unfolding was followed by enzyme activity, fluorescence emission maxima, and ellipticity at 222 nm. All these measurements were performed in a buffer solution of 0.1 M Tris-HCl, pH 7.0, containing various concentrations of urea, samples were incubated for 12 h at 25°C, measurements were made either in the presence of 0.1 mM IAM (filled symbols) or 50 mM ␤ mercaptoethanol (open symbols). For enzyme activity measurements (circle), an aliquot (0.2 g) from the denatured LOX1 (40 g/ml) was taken into assay solution, the increase in absorbance at 234 nm was measured and the assay conditions were followed as described previously (17) . Fluorescence emission measurements (triangle) were made with the protein concentrations of 40 g/ml; excitation was at 283 nm. The increases in fluorescence emission maxima were followed. Far-UV CD measurements (square) were made with the protein concentrations of 0.2 mg/ml; change in the ellipticity at 222 nm was used to follow the unfolding transition. The data from all these measurements were normalized.
ORIGIN (version 4.10, Microcal Software Inc.), which applies the Marquardt-Levenberg algorithm, was used to fit the unfolding data to the nonlinear Equations 2 and 3. Both the overall K app and the urea-dependent equilibrium constant for the unfolding process were defined by equations 4 and 5 for two-state and three-state, respectively. for global fits.
The results of these statistical analyses for LOX1 unfolding are shown in Fig. 9B . The fit for two-state model is rather poor on either side of pre-and post-transition region. The data could be fitted adequately by three-state model over the entire transition region. The parameters Z, ⌬G 
Hydrophobic Surface Exposure
The hydrophobic fluorescent dye ANS was used to probe LOX1 for the exposure of hydrophobic surface area during urea-induced unfolding (Fig. 10) . Maximum binding of ANS with LOX1 around 6.3 M indicated the maximum hydrophobic exposure at this urea concentration. As the urea concentration increased beyond 6.3 M, there was a continual decrease in hydrophobic exposure. This intermediate had substantial amount of secondary structure. However, at this urea concentration, there was significant loss of tertiary structure (Fig. 7) . Notably, the maximum ANS binding region corresponded to the fraction of equilibrium unfolding intermediates (Fig. 9C) .
Limited Proteolysis of LOX1 by Trypsin
During Unfolding-It has been shown previously that LOX1 could be cleaved by trypsin in two proteolytic domains; the fragments could be separated on SDS-PAGE into ϳ30-kDa N-terminal and ϳ60-kDa C-terminal domains (21) . The limited proteolysis technique was used as probe to identify the conformational changes/exposure of individual cysteine residues occurring in the individual domain during the course of unfolding. Since trypsin could retain its activity to 5 M urea, it could be used to follow the urea-induced transitions in LOX1. In the native conditions, trypsin acts on LOX1 to generate 60-and 30-kDa fragments (Fig. 11A) . With the increase in urea con- centrations, LOX1 became more susceptible for cleavage beyond 4 M urea and the cleavage occurred within the 60-kDa domain. The 30-kDa domain remained intact to 5 M urea, and above this urea concentration it became susceptible for proteolysis. These results suggested that the unfolding of LOX1 could initiate from the C-terminal domain.
During Refolding-The unfolded LOX1 in various urea concentration was diluted into a buffer solution containing catalytic amounts of trypsin, for checking refolding (Fig. 11B ). Up to 7 M urea, the cleavage pattern remained same as in native LOX1. At 9 M urea, it had undergone extensive digestion, as indicated by the absence of corresponding bands of refolded 60-and 30-kDa domains. These data clearly showed that the refolding of LOX1 from its completely unfolded states could be a very slow process. However, the refolding from its intermediate state could be very fast.
DISCUSSION
Protein folding is reversible in principle, but is often not found to be in practice due to numerous side reactions such as aggregation and sulfhydryl oxidation (27) . LOX1 is particularly sensitive to these side reactions during the refolding process, due to its large size (839 amino acid residues) and the presence of four free thiols. The efficient renaturation was hampered because, even under conditions favorable for folding, the protein is sensitive to local interactions and oxidative events that either inactivate the enzyme or lead to aggregation, which precludes meaningful studies of the folding pathway (15) . The present results have shown that LOX1 could be reversibly unfolded by blocking the cysteine residues and the efficiency of refolding could be enhanced, thereby indicating that the sulfhydryl groups also play a major role in the refolding of LOX1.
Keeping the thiol in reduced form during unfolding/refolding process by ␤-mercaptoethanol, the renaturation was achieved by gel electrophoresis. However, the activity regain was a very slow process as observed only by gel electrophoresis. By blocking the thiols with IAM, the renaturation was achieved either by gel electrophoresis or by gel permeation chromatography.
These results indicated that the kinetic lag observed in the renaturation of LOX1 in the presence of ␤-mercaptoethanol could be eliminated by blocking the thiol groups with IAM. The most possible reason for the refolding of LOX1 within the pores of polyacrylamide gels could be due to minimization of intermolecular interaction, which prevented the aggregation. In fact, the aggregation was found to be at the minimum when completely denatured LOX1 was loaded on gels in very dilute protein solution and lesser volume, which was just enough to enter into the gel, as soon as electrophoresis commenced.
The enzyme had four free cysteine residues, and none of them was accessible for DTNB under native conditions. Of these four residues (Cys-127, Cys-357, Cys-492, and Cys-679), only Cys-127 and Cys-492 were conserved in all the three soybean lipoxygenases (5). Our results showed that urea at low concentration induced a small conformational change that led to the perturbation of the two cysteine residues. One of them had strong tendency to undergo oxidation during unfolding. These conformational changes were observed by CD spectra and also by fluorescence measurements made in the presence of ␤-mercapto ethanol. The results with fluorescent probes MI-ANS and FMA suggested that Cys-127 of N-terminal domain appeared to be in hydrophilic environment and the other three cysteine residues in the C-terminal were in hydrophobic environment. The x-ray structure of LOX1 also suggested that Cys-127 located in ␤7 and Cys-679 located in ␣18 helix were in a relatively hydrophilic environment compared to the other two cysteine residues (Cys-357 and Cys-492). Thus, it became clear that the cysteine residues in LOX1 were not essential for activity, but they were critical for the reversible unfolding of the molecule, at least Cys-127 and Cys-679.
Several questions have been raised about the role of the domain structure of LOX1 on the flexibility, stability, and function of this enzyme (8) . For example, all of the residues required for the chemistry of the catalyzed reaction are on one domain, and it might be thought possible to refold one domain and regain activity, even though the global structure is not fully reformed. However, the present results showed that the activity of the enzyme was lost even before the unfolding of the enzyme was initiated, which could be due to small perturbations. Such changes have been observed in several other proteins (28) . The detergents and micelles are known to assist protein refolding (29) . However, the refolding experiments using gel electrophoresis in the presence of non-ionic detergents showed that the LOX1 could refold to 4 M urea; beyond this concentration, the detergents bind to LOX1 leading to aggregation. These results confirmed the existence of stable intermediate after 4 M urea with hydrophobic sticky surfaces.
Spectroscopic studies and urea-gradient electrophoresis on the urea-induced unfolding of LOX1 showed that the complete unfolding of LOX1 occurred at 9 M urea, thus indicating that LOX1 is a structurally a very stable molecule. It has been reported that a single transition observed during the unfolding of multidomain protein would indicate that the domains are strongly interacting, during the course of which all domains unfold cooperatively (30) . However, if one observes multiple transitions, the unfolding pathway should consist of one or SCHEME 1 FIG. 11. SDS-PAGE patterns to show the lability of LOX1 to proteolysis by trypsin during denaturation by urea. The tryptinolytic digestion of LOX1 during unfolding (A) and refolding (B) was carried out as described under "Materials and Methods." The samples were subjected to SDS-PAGE on 12% acrylamide gels. 10 g of digested LOX1 was loaded on the wells. The gels were stained with Coomassie Brilliant Blue. The number in each lane denotes the corresponding molar urea concentration. more relatively stable intermediates, indicating the absence of strong interdomain interactions (30, 31) . However, the unfolding of LOX1 showed a single transition as followed by CD or fluorescence. A three-state model could adequately fit fluorescence data of equilibrium unfolding of LOX1, which involved at least one stable intermediate in the unfolding process. From statistical analysis of this three-state, two-step model, the predominant unfolding reaction below 6 M could be the N 3 I transition and above 6 M could be I 3 U transition, and the intermediate form appeared maximally at ϳ6 M urea. The total stability of native state would be given by the sum of the individual ⌬G H 2 O, values, which in this case is 26 kcal/mol, confirming that LOX1 is a very stable molecule.
The intermediate state observed in the unfolding of LOX1 indicated high ANS binding capacity. However, this intermediate state showed a significant amount of tertiary structure and retained nearly 60% of secondary structure. Since the molten globule-like intermediate retains a large portion of secondary structure and little or no tertiary structure (32), the high capacity for ANS binding in the intermediate state of LOX1 could be mainly attributed to the exposure of a hydrophobic domain-domain interface upon unfolding of the first domain. We have shown previously that the two domains in LOX1 are held by extensive hydrophobic interaction (14) . The results obtained from the present study could be represented by a minimal model for the folding of LOX1 (Scheme 1).
In this model, native enzyme when perturbed initially by increasing urea concentrations induced a small conformational change, leading to exposure of two cysteine residues from both N-terminal and C-terminal domains. As the urea concentration increased, a stable intermediate was formed with exposed hydrophobic surfaces. This structural opening might be related to a partial separation of the two domains into which the Cterminal domain was unfolded. Finally, in the region of 9 M urea, the protein completely unfolded to give a structure that would be more like the random coil normally pictured for a denatured protein. This model would provide a framework for understanding that both the domains are required for efficient catalysis, although the "catalytic" residues are mainly on one domain. Additionally, the explanation of the effects in terms of exposure of thiol groups and movements of domains implies that these changes could not be observed in the crystal. Thus, differences in behavior between solution and the crystal that were previously reported could be understood because the changes suggested here would require concerted movements of considerable portion of the protein structure. The present study has indicated that the high stability of LOX1 structure, which has no disulfide bridge, is largely due to domain-domain interactions.
